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Compact, lightweight, and low-cost heat exchangers (HXs) have the potential to 

improve efficiencies and save power and carbon foot print in a wide array of 

applications. The present study investigates an entirely additively-manufactured novel 

metal-polymer composite heat exchanger, enabled by an innovative and patented cross-

media thermal exchange approach, which yields an effective thermal conductivity of 

130 W/m-K for the heat exchanger. This record-high thermal conductivity is more than 

an order of magnitude higher that the previously reported thermal conductivity for 

polymer and polymer composite HXs. Drawing on the concept of external flow over 

the tube banks, the proposed HX features a staggered arrangement of fins. This class 

of HXs are often used for gas-to-liquid sensible cooling applications. However, they 

can also be designed for latent thermal energy storage applications by employing low-



 

 

cost and high energy-storage-density phase change materials (PCMs) such as salt-

hydrates and alike in either the hot or cold side of the HX, depending on the application. 

An extensive literature survey on tube banks shows that, though numerous correlations 

exist in the literature for flow over tube banks, these correlations usually fall outside 

the range for the current HX design for low-Reynolds number applications (╡▄

). Furthermore, the PCM models present in the literature are either very 

challenging to solve analytically or are computationally expensive.  Thus, the 

dissertation emphasizes developing computationally efficient and robust numerical 

models for sensible and latent cooling applications. 

The numerical models compute the overall thermal and pressure-drop performance 

metrics based on segment-level modeling. They integrate the performance parameters 

such as Euler, Nusselt numbers, or latent thermal energy with the entire HX 

analytically, thus significantly reducing the computational cost. For steady-state 

sensible thermal energy storage applications, a high-fidelity 3D CFD-based modeling 

approach is used, based on the actual dimensions of the printed HXs rather than a 

traditional 2D CFD-based model. It also resolves the issues due to the 3D velocity field, 

which arenôt captured in the 2D CFD models, and are particularly important for HXs 

utilizing narrow/micro channels. This modeling approach is used to obtain optimized 

HXs for case examples of 5-40 kW air-conditioning applications and 250-W electronic 

cooling applications for nominal operating and flow conditions. The 250-W unit is 

further validated experimentally and is observed to be within 17% for waterside 

pressure drop, 11% for airside pressure drop, and within 8% for thermal resistance 

when compared against experimental measurements. 



 

 

For transient latent thermal storage applications, an analytical-based 1D reduced order 

model (ROM) for segment-level modeling is developed based on 1D radial conduction 

inside the PCM. It is numerically validated with commercial CFD tools to within 10% 

except for cases where axial conduction in PCM is possible due to the high resistance 

of wire embedded in the PCM. The 1D ROM is used in optimizing a 1.44-MJ TES unit 

for peak-load building cooling applications and a 19.2-kJ HX for pulsed-power cooling 

applications. The 1.44-MJ unit is experimentally tested and observed to be within 17% 

for the melting time of complete PCM and about 8% for the freezing time of the 

complete PCM. 

Lastly, another novel and hybrid thermal energy storage design is formulated, which 

utilizes two different PCMs: shape memory alloys (SMAs) instead of metal wires and 

salt-hydrates contained inside polymer channels similar to the reference designs. 

Besides the novel thermal energy storage design, a novel methodology on Wilson plot 

for finned surfaces on both fluid-sides is introduced, which is first of its kind in the 

literature. Ongoing and future work in both these areas is also recommended in the final 

chapter of the thesis.
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Chapter 1: Introduction 

This chapter will first discuss the background and motivation behind the need for 

compact, low-cost, and lightweight heat exchangers (HXs), and the role metal polymer-

based composite HXs can play in realizing such heat exchangers. Next, the second 

section of the chapter discusses the conventional polymer composite HX development 

reported in the literature and the challenges in their design approach. It also includes 

additional challenges arising from the phase change materials (PCMs)-based HXs for 

latent thermal storage applications. Finally, the last section presents the novel 

contributions of the entire research and dissertation layout which serves as an outline 

covering the different chapters of the thesis. These motivations and challenges lead to 

development of a novel metal-polymer composite HX based on a cross-media 

approach, which is the basis for the present research. The proposed system can be used 

for sensible and latent thermal storage applications. 

1.1  Background and Motivation 

For years, heat exchangers have remained as critically important solution to the 

fundamental problems involving heating and cooling applications in industries. As the 

industries are evolving towards more efficient and miniaturized devices for advanced 

high-power applications, there is a growing need to meet the thermal challenges 

associated with unwanted heat dissipation. Because compact heat exchangers are an 

integral part of energy exchange processes, their designs have continuously evolved to 

meet the growing demands of heat dissipation in diverse industries. Compact HXs for 

the sensible storage applications of gas-to-liquid typically consist of metal structures 
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configured with different types of fins such as louver fins, wavy fins, and offset-strip 

fins [1] on the airside. The purpose is to enhance the airside heat transfer rate since the 

airside heat transfer coefficient is typically very low. However, such designs' liquid heat 

transfer area is typically only minimally enhanced, as the liquid heat transfer coefficient 

is already much higher than the air. Moreover, it can be challenging to fabricate 

complex geometries inside narrow liquid-side channels. Thus, compact, lightweight, 

low-cost, and low thermal resistance HX units are needed to meet the increasing power-

dissipation requirements of diverse industrial applications.  

Similarly, there is a need to reduce the mismatch between supply and demand of energy 

[2] due to the increasing demand for efficient energy systems. One such method of 

increasing the energy efficiency of the power systems is by developing latent thermal 

energy storage devices that can store energy from time-variable sources and match 

time-variable demands with a constant output source. Research interest in energy 

storage devices based on latent thermal energy storage using PCMs is rapidly growing 

due to their isothermal storage and high storage density [3], resulting in compact and 

reduced-weight systems [4,5]. 

1.2  Challenges associated with conventional polymer HXs  

1.2.1. Sensible storage type 

Due to the polymers' lightweight, low-cost, and anti-corrosive properties, several of the 

HX designs have focused on polymer HXs [6] (see Figure 1 (a)). But the lower thermal 

conductivity of polymer of about πȢς ÔÏ ρ 7ȾÍ + gives relatively higher conductive 

resistance across the HX structure. One way to resolve this issue is by increasing the 
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thermal conductivity of the polymer HXs to up to 20 times by using metal fillers in the 

polymer media [7]. However, extensive research is still required to study the effect of 

metal fillers and polymers on the effective thermal conductivity and anisotropic 

properties of the HXs [8]. Another way to solve this problem is to reduce the polymer 

wall thickness by using thin-walled polymer HXs such as the crossflow micro-passage 

HXs [9] (see Figure 1 (b)). But such thin structures are limited by manufacturing 

constraints. Alternatively, recent studies have innovatively developed metal-polymer 

composite HXs such as hybrid polymer HXs [10] (see Figure 1 (d)) and continuous wire-

HXs [11,12] (see Figure 1 (c)). These hybrid polymer HXs consist of helically wound 

hybrid tubes of copper and polymer whose effective thermal conductivity increased 

from πȢρ 7ȾÍ + to ρ 7ȾÍ +. But these HXs are constrained in their tube 

diameter size. The continuous wire-HXs consist of fine metal wires, with diameters as 

small as πȢρπυπȢςυ ÍÍ, woven/knitted through plastic walls. They draw 

comparisons with pin-fin arrays, which deliver the same performance as the 

conventional louvered fin HXs but at 22% less volume [13]. However, these HXs suffer 

from wire-curvature issues and lack a robust fabrication procedure.  

 

 
 

(a) (b) 
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(c) (d) 

Figure 1:Polymer HX Concepts in Literature: (a) polymer-tube HX [14] (b) crossflow micro-passage 

HX [9] (c) hybrid metal-polymer HX [10] and (d) continuous wire-structure HX [11,12] 

1.2.2. Latent thermal storage type 

Some conventional PCM-based HXs contain PCMs in rectangular, cylindrical, and 

spherical geometries. Several cylindrical PCM-based HXs consist of shell and tube 

HXs with an inner cylinder consisting of the flow passing inside the tube and the outer 

cylinder consisting of the PCM [15,16]. This cylindrical-based technique has been 

extended to PCM cylinders enclosing finned tubes [17] and other cylindrical-based 

latent heat storage systems [5,18,19]. But these HXs typically face challenges mainly 

associated with the PCM, such as its low thermal conductivity in the range of 0.22W/m-

K [20], sub-cooling and phase-segregation issues [21], volume-expansion issues, and 

an expensive encapsulation process comprising up to 99% of the total PCM cost [22]. 

The present research, accordingly, meets the above challenges associated with sensible 

and latent thermal storage applications by utilizing a novel, entirely additively-

manufactured, low-cost, and lightweight metal-polymer composite HX [23ï26] with 

an effective thermal conductivity in the range of 130 W/m-K [26] and an effective PCM 

thermal conductivity of about 16 W/m-K. These highly effective thermal conductivities 
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are attained due to high thermal conductivity metal wires. These HXs are based on a 

patented cross-media approach and are also called as CMHXs (Cross-Media Heat 

Exchangers). The present dissertation discusses the most advanced version of CMHXs, 

called iCMHXs (integrated CMHXs), where the word ñintegratedò refers to the 

integrated manifolds attached to the HX core during the additive manufacturing 

process. When integrated with the PCMs, these iCMHXs are referred to as thermal 

energy storage (TES) systems. The iCMHXs and TES systems use an optimized finned 

area on both airside and liquid-side surfaces to yield better thermal performance than 

the conventional units for sensible and latent thermal energy storage applications, 

respectively. 

Thus, the numerical design, modeling and experimental study of these novel metal-

polymer composite HXs form the basis for the entire thesis, whose major novel 

contributions are explained in the next section. 

1.3  Maj or Novel Contributions of the Present Work 

The present dissertation entails the following significant novel contributions: 

¶ For the first time, a robust and computationally efficient partly numerical and 

partly-analytical model is developed to compute the entire CMHX performance for 

sensible thermal energy storage applications. This can be a useful design tool for 

CMHX applications. 

¶ For the first time, a computationally efficient analytical model is developed, based 

on thermal resistance and energy conservation principles, for latent thermal energy 

storage applications. The model is a reduced-order model (ROM) based on 1D 

radial conduction inside PCMs and is also validated with commercial CFD tools. 
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¶ For the first time, the effects of dimensional variabilities on CMHXôs performance 

due to the additive manufacturing process manufacturing deviations from the 

design are statistically studied.  Furthermore, the robust numerical model is 

successfully used to compute the CMHX performance based on new dimensions, 

geometries and fabrication details. 

¶ A multi-objective design optimization is performed using the in-house developed 

numerical model for diverse sensible and latent thermal storage applications. 

¶ For the first time, developed a hybrid thermal energy storage model consisting of 

wires made from Shape Memory Alloys (SMAs) and containing salt-hydrate (SH) 

inside polymer channels. 

1.4  Dissertation Layout 

The novel contributions described above are presented in the in the remainder of this 

dissertation, as outlined in the following chapters. 

Chapter 2: Novel Metal Polymer Composite HX 

Chapter 2 describes in detail the novel design of the metal-polymer composite HX 

(iCMHXs and TES systems) based on the patented cross-media approach and a 

customized additive manufacturing technique using an in-house printer. It discusses the 

design flexibility of the HXôs concept in adapting for both sensible and latent thermal 

storage applications. 

Chapter 3: Literature Review  

This chapter includes the theoretical and experimental validation knowledge required 

to understand the numerical model for the iCMHX and TES system. It further discusses 

the physics behind the external flow over the wires and material characteristics of the 
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PCMs. Then it reviews the open literature on empirical correlations for the flow in the 

HX and transient modeling of the PCM in the HXs and presents the shortcomings of 

the literature. 

Chapter 4: Numerical Modeling 

This chapter presents the robust numerical modeling of the entire HX, which is 

typically based on CFD modeling of a segment-level model in the case of iCMHXs in 

sensible heat transfer, and an analytical-based model in the case of TES systems in 

latent thermal energy storage applications. The CFD-based modeling is performed on 

metal wires arranged in an in-line or staggered orientation and for laminar flow 

conditions. It is non-dimensionalized using Euler (Eu) and Nusselt (Nu) numbers. The 

chapter also presents the adaptation of the robust modeling approach to new dimensions 

and geometries due to the additive manufacturing process. In addition to the 

manufacturing effects, the effects of coating thickness (i.e., sealant) is also studied. It 

is revealed that the shape of the HXôs manufactured wire fins are ellipsoidal instead of 

the intended nominally circular shape due to precision error in the printerôs extruding 

process. It is also revealed that dimensional effects, particularly for narrow-width liquid 

channels, significantly affect the liquid-side pressure drop. Additionally, for latent 

thermal storage applications, an analytical-based model is developed using 1D ROM 

consisting of 1D radial conduction inside PCMs. The model is non-dimensionalized 

using parameters based on time-constant, thermal resistance ratios, and geometric 

length ratios. 
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Chapter 5: Design Optimization 

This chapter describes the optimization algorithm for the developed HX as related to 

different applications varying from air-conditioning to pulsed-power cooling. The 

optimization algorithm is based on the exterior penalty method to find optimum points 

for a multi-objective constrained optimization problem, yielding  a Pareto curve of 

optimum points. The chapter also provides a sensitivity analysis concerning the design 

parameters. 

Chapter 6: Experimental Study 

This chapter presents an experimental study on a 120 mm  120 mm  16 mm  iCMHX 

tested for air-to-water CPU cooling applications and a 260 mm  290 mm  120 mm 

air-to-PCM CMTES system for building cooling applications. The study also uses 

experimental data to compute airside heat transfer coefficients using a customized, in-

house developed, Wilson plot algorithm. 

Chapter 7: Conclusion and Proposed Future Work 

The final chapter provides the main conclusions of the thesis along with the list of 

research publications and lays down a well-supported outline for future work. The 

research scope of the dissertation is also summarized in a workflow diagram. 
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Chapter 2: A Novel Metal Polymer Composite HX 

2.1. The Cross-Media Heat Exchangers 

The current novel metal-polymer composite HX is based on a patented cross-media 

heat exchanger approach, often referred to as CMHX (Cross-media heat exchanger), 

which can be designed for sensible and latent thermal storage applications. 

2.1.1. Sensible storage based iCMHX unit 

The additively-manufactured metal-polymer composite HX [23,24] comprises an HX 

core made of polymer and an array of metal wires, which act as fins for airside and 

liquid-side convective heat transfer, as shown in Figure 2 (a). The metal wires can be 

arranged in a staggered or inline tube-bank configuration. The heat exchanger can also 

include additively-manufactured integrated liquid manifolds of polymer, as shown in 

Figure 2 (a). The customized 3D printing process utilizes a polymer and a metal-head 

based on a hybrid and innovative approach [27] designed and developed by the AHXPI 

students, as described in [26,28]. The polymer head prints layers of polymer media to 

build the airside and liquid-side channels using FDM. The metal head prints bare metal 

wires that continuously lay over the polymer media using EFCAM and forming a direct 

heat transfer route between the air and liquid sides. These wires transfer heat 

effectively, despite the low thermal conductivity of the polymer structure, as shown in 

Figure 2 (a). This concept is referred to as the cross-media approach, and the HXs are 

referred to as integrated cross-media HXs (iCMHXs), a particular type of CMHXs. 

This approach facilitates higher and direct crossflow heat exchange than conventional 

HXs, which have fins only on the airside, as shown in Figure 2 (d). 
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(a) 

 
 

(b) (c) 

 
(d) 

 

Figure 2: (a) A double-pass iCMHX design showing cross-media approach; (b) planar views showing 

staggered configuration; (c) planar views showing simplified heat transfer domain and (d) 

conventional HX with finned surfaces only on airside 
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A series of CMHX units have been manufactured in such a fashion at the University of 

Marylandôs AHXPI laboratory (see Table 1). The current unit, the iCMHX shown in 

Figure 2 (a), is different from past CMHX units. It is the first of its kind additively-

manufactured unit to feature a staggered-fin (tube-banks) configuration, copper wires, 

a double-liquid pass system, and most importantly - integrated liquid-side manifolds. 

Table 1: Evolution of a family of CMHXs developed at the AHXPI laboratory 

CMHX Models 

Liquid 

Passes 

Core 

Material 

Wire 

Tube-Bank 

Configuration 

Liquid-side 

Manifolds 

150W [29] 

1 

PETG 

Polymer 

Al Inline Absent 
1kW [30] 

ABS 

Polymer 

350W [26] 

Current HX 

(Current Work) 

2 Cu Staggered Integrated 

2.1.2. Latent thermal storage-based TES 

The cross-media based metal-polymer composite HX (see Figure 3 (a)) are similar to 

the ones for sensible storage applications as they consist of hot fluid flowing across 

alternate fluid channels (ὲ ) but instead of the other fluid flow, they include PCM 

contained polymer channels (ὲ ) as shown in Figure 3 (b). This results in low-cost 

macro-encapsulation of PCMs. Here, the cross-media approach provides a direct heat 

transfer route between the hot fluid and the PCM (see Figure 3 (c)), independent of the 

thermal conductivity of the polymer. At the interface of these fluid and polymer 
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channels (see Figure 3 (d)), the metal wires are arranged in a geometric tube-bank 

pattern of staggered orientation parametrized by lateral (Ὓ) and longitudinal (Ὓ) 

spacings between the wires of diameter, Ὀ.  

  

 
(c) 

 
(a) (b) (d) 

Figure 3: HX Geometry (a) isometric view (b) cross-sectional view of XZ plane with cross-media 

shown in red highlights (c) cross-sectional view of XY plane and (d) cross-media approach as marked 

in (b) 

2.2. Additive manufacturing Technique 

The iCMHXs are additively manufactured in-house using a customized proprietary 3D 

printer, automated via G-code programming based on a CAD drawing. The polymer 

composite HXs are fabricated using a hybrid additive manufacturing process of Fused 

Deposition Modeling (FDM) and Embedded Fiber Composite Additive Manufacturing 

(EFCAM) [31]. The process is explained in five steps, as shown in Figure 4 (a). In the 

first step, the polymer is extruded to create the bottom manifolds using polymer print-

head via the FDM process. In the second step, a single, continuous metal wire layer is 
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laid on the top of the printed polymer layer from Step 1, using a metal print-head via 

the EFCAM process. In Step 3, the metal print-head cuts the metal wires at the point 

of extrusion. And in the next step, another layer of polymer is printed over the laid 

metal wires from Step 2, using the polymer print-head. Lastly, in Step 5, the entire 

process of Steps 1-4 are repeated until the number of polymer layers with adequate 

wire-spacings is achieved. However, for latent thermal energy storage applications, as 

the PCM has to be contained inside the polymer channels, the polymer layers are 

printed differently from sensible storage applications (see Figure 4 (b)). In the end, 

when the HXs are entirely additively-manufactured as per the CAD design, they are 

then post-processed by dip-coating them in sealants such as polyurethane or epoxy to 

ensure leak-proof polymer-metal interfaces [23]. The HXs are also tested for their 

longevity and reliability by developing Arrhenius models at different temperatures and 

pressure conditions depending on the operating conditions of the HX applications. The 

post-processed HXs are then ready to be experimentally tested. Some such additively 

manufactured units by the printing team are shown in Figure 5. The 3D printer at the 

AHXPI laboratory has undergone several enhancements with the contribution of many 

team members over the years. However, successful printing of the cross-media heat 

exchangers and the thermal energy storage units would not have been possible without 

the creative efforts of Veeresh Ayyagari, a Ph.D. student in our AHXPI group. 

Thus, based on the above different HX designs, these CMHXs can be termed novel due 

to the following salient features, which make them a preferable candidate over the 

conventional HX units: 

¶ Innovative cross-media approach 
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¶ This approach enhances the overall effective heat transfer area on both the airside 

and the liquid side, which are finned surfaces compared to conventional HXs, 

resulting in a low thermal resistance unit.  

¶ Robust additive manufacturing technique 

This automated manufacturing process can yield customizable HX units with just-

in-time printing, which is otherwise difficult to implement in conventional 

manufacturing techniques. 

¶ Lightweight polymer structure 

The use of low-density polymers such as Acrylonitrile butadiene styrene (ABS) and 

Polyethylene terephthalate glycol (PETG) provides lighter weight to the HXs than the 

conventional HXs, which are entirely constituted of metal. For example, polymer 

weighs about 2 - 2.6 times less than aluminum for a given volume. Aluminum is one 

of the lightest and most common metals used in conventional HXs. 

¶ High thermal conductivity metal fins (if using copper wires) 

Copper has approximately 1.7-2 times higher thermal conductivity than the 

conventional units generally made of aluminum. But copper is also 3.3 times denser 

than aluminum, so that aluminum wires can be used instead of copper with applications 

requiring lightweight units. Since the overall CMHX weight includes the weight of the 

polymer, the overall HX weight should be compared with the conventional HX for a 

fair comparison.  
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(a) 

 
(b) 

Figure 4: Fabrication process of HXs for (a) crossflow liquid to gas sensible storage applications (b) 

gas-to-PCM for latent thermal energy storage applications at AHXPI laboratory 
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(a) 

 
(b) 

Figure 5: Additively manufactured and coated units (a) iCMHX and (b) air-to-PCM TES at the AHXPI 

Laboratory 

 

¶ Scalability 

The novel composite polymer HXs are scalable, which means that they can vary from 

as small as 120mm 120mm face area to as large as about 24ͼ  24ͼ depending upon 

their different applications. 
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¶ Design flexibility for different energy storage applications 

Since some applications require liquid and gases for heat transfer, the HXs can be 

designed for sensible energy storage applications. And with slight modifications in the 

polymer printing layers, the same HX can be converted into a latent thermal energy 

storage unit consisting of PCMs. 

¶ Low HX cost 

As polymer and copper are cheaper than aluminum, the overall HX material cost is 

cheaper than conventional HXs. Additionally, using low-cost salt hydrates such as 

Glauberôs salt as PCMs can lower the HX cost further. 

¶ Integrated liquid-side manifolds  

Since the fabrication of the composite polymer HXs involves an additive 

manufacturing technique that is customizable, the CMHXs can have liquid-side 

manifolds integrated with the core of the HX, similar to the conventional HXs. 

Thus, the novelty of these current HX designs meets the challenges associated with 

conventional HXs, making them favorable to use in diverse applications, which will be 

discussed in the next section.  

2.3. Applications of Novel Metal Polymer Composite HXs 

These novel HXs have varied cooling applications that use a crossflow water-to-air 

HX. These applications include electronics cooling of computers, power plant 

applications, air-conditioning, automotive, aerospace and refrigeration, building 

cooling, and pulsed-power applications.  The application discussed in the current 
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dissertation focuses on the electronic cooling of desktop computers, air-conditioning, 

and peak-load shifting in building-cooling applications.  

Electronics Cooling of Desktop Computers 

Liquid cooling is one of the widely used techniques in cooling high-performance CPU 

units. It consists of a liquid-side loop and an air-side loop. The liquid-side loop consists 

of a cold plate, a pump, a reservoir, and liquid tubes, while the airside consists of a fan 

attached to the radiator (see Figure 6). The cold plate is attached via thermal interface 

material (TIM) to the motherboard. As the motherboard temperature increases, the 

liquid pumped out carries heat to the radiator through tubes. As the hot liquid enters the 

radiator, conjugate heat transfer occurs with the cold air blowing from the attached fan 

in crossflow, resulting in cold water flowing back to the pump via tubes and hot air 

exhausting out in the ambient air. This application is discussed in the numerical, 

experimental, and future work sections. 

 

Figure 6:Liquid cooling applications in CPU 
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Air Conditioning Applications 

The other application where novel polymer composite HXs can be used is an air-

conditioning application where it can be used as an evaporator coil. They are used 

inside the duct for in-house applications above the air handling unit. The air first enters 

the room and is passed to the evaporator coil by the blower and the air handling unit. 

As the air passes through the Evaporator, it gets cooled down by the refrigeration effect 

facilitated by the condenser coil kept outside the house. The application is discussed 

here in the chapter on the design optimization section. 

Peak-Load Shifting in Building-Cooling Applications 

In applications requiring intermittent cooling, such as air-conditioning applications in 

buildings, CMHXs can be used as latent thermal energy storage devices, also called 

CMTES (Cross Media Thermal Energy Storage System), as explained graphically in 

Figure 7. Since the PCMs can store energy dissipated from the surroundings 

isothermally when in liquid-phase while releasing the stored energy back to the 

surroundings when in solid-phase, this property of PCMs is used to shift the peak-load 

during daytime in cooling building. For this, the PCMs based CMTES units, placed in 

an air-duct system, are first charged during the night by turning the air-conditioned 

(AC) on so that cold air freezes the PCM, releasing heat. However, the AC cooling loop 

is disconnected from the building as there is no cooling requirement present during the 

nighttime (see Figure 7 (a)). During the peak-cooling hours of the day, only the AC fan 

is turned on to facilitate airflow across the duct. The PCMs based CMTES units are 

then used to take away the heat from hot air and store the vast amount of it as latent 

thermal energy, leading to cold air exiting out through the HX (see Figure 7 (b)). But 
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when the PCM has melted entirely, it can no longer be used to cool the buildings. 

Accordingly, the actual cooling loop using AC is used via by-passing the CMTES unit, 

in probably off-peak daytime hours. 

Thus, all these applications require an optimized design to meet the desired operating 

conditions best. To obtain the required heat transfer rate and pressure-drop targets, the 

hydrodynamic performances can be evaluated if there are correlations present in the 

 
(a) 

 
(b) 
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(c) 

Figure 7: peak-load shifting in building cooling applications (a) charging mode at night (b) 

discharging mode at peak-times during the day, and (c) without CMTES units at off-peak times during 

the day 

 

literature about the given geometrical and flow parameters. A literature study to explore 

the correlations is thus carried out, as shown in the next chapter. 

2.4. Summary 

A detailed design and fluid flow path for cross-media based novel metal-polymer 

composite HX was explained. The current dissertation focuses on an advanced version 

of the cross-media HXs, which is first of its kind to be additively manufactured. Their 

salient features such as low cost, low resistance and robust additive manufacturing 

technique, were discussed which make these HXs a strong potential candidate for 

diverse industrial applications. One of their novel features lead to design flexibility to 

work as iCMHXs for sensible thermal storage applications such as those of electronic 

cooling of desktop computers and as TES units for building cooling applications. 
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Chapter 3: Literature Review 

3.1. Theoretical Background 

This section covers the fundamental knowledge required to understand the physics 

behind heat transfer and pressure drop performance due to the CMHXs. It includes the 

basic understanding of external flow across tube banks, which represent the fluid flow 

across the arrangement of wires inside the CMHX channels. Moreover, it then talks 

about the details of the phase-change materials. 

3.1.1. Tube Banks 

The section explains the details about the (i) geometry of the tube banks arrangement 

formed by the metal fins embedded into the polymer media; (ii) fundamentals behind 

heat transfer and pressure drop performances during fluid flow across the tube-banks 

and; (iii) the literature correlations for thermal and hydrodynamic performances of the 

external flow across tube-banks. 

(i) Geometry of tube-banks arrangement 

The geometry of the tube bank consists of tube spacing parameters, the number of the 

wires, and the diameter of the wires. Here, the words tubes, wires, and fins are 

interchangeably used. The parameters are defined by their flow direction, which is 

either longitudinal (along the direction of fluid flow) or transverse (perpendicular to 

the direction of the fluid flow), as shown in Figure 8 (b) and (c). The tube spacing 

parameter in the longitudinal direction is represented by Ὓ, which is also the projected 

center-to-center distance in the longitudinal direction, between any two consecutive 

tubes in the longitudinal direction, as shown in Figure 8 (b) for inline configuration and 



23 

 

in Figure 8 (c) for staggered configuration. Similarly, the tube spacing parameter in the 

transverse direction is represented by Ὓ, which is also the center-to-center distance 

between any two consecutive tubes in the transverse direction. The number of tubes in 

the longitudinal direction, separated by Ὓ distance away is defined by ὔ rows while 

the number of tubes in the transverse direction, separated by Ὓ distance away is 

defined by ὔ tubes. In the staggered configuration, the diagonal center-to-center 

distance between any two consecutive tubes in the longitudinal direction is defined by 

ὛȢ The flow regime across the tube banks is dependent on the arrangement of the tubes. 

The study considers the external flow of two fluids across the tube banks in a crossflow 

direction to each other, as shown in Figure 8 (a). Each fluid-side contains its respective 

flow parameters and the geometric parameters which affect the overall heat transfer 

and pressure-drop performance across the tube banks.  

(ii)  Fluid flow across tube-banks 

The fluid flow across the tube banks is first explained via a simplified version of the 

tube bank study: a single fluid flow across the single tube. This case also acts as the 

limiting case for the fluid flow across tube banks when the tube-bank spacing is large 

such that the flow across the tubes resembles the flow across the single cylinder.  

The external fluid flow across the single tube or single cylinder is characterized by the 

Reynold number of the incoming fluid and the size of the tube. The Reynolds number 

is defined based on the upstream velocity (ὺ) of the fluid, nature of the fluid, and 

characteristic length, i.e., the tube diameter (Ὀ). 

ὙὩ
”ὺὈ

‘
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(a) (b) 

 
(c) 

Figure 8: Tube bank configurations for (a) external flow over tube banks for both fluids; and (b) 

planar views in the direction of fluid-flow across inline tube-bank configuration and (c) staggered 

tube-bank configuration 

 

As the fluid moves past the single-cylinder normally, it slows down as it approaches 

the upstream side of the cylinder and its velocity ultimately becomes zero at the point 
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of contact (ὃ) with the cylinder, as shown in Figure 9. ὃis called as the first stagnation 

point. The fluid velocity increases as it continues its path above and below the cylinder 

creating a boundary layer as shown in Figure 9. Near the cylinder-top and bottom, the 

fluid attains its maximum velocity (ὄ and ὄ) after which its velocity starts 

deaccelerating as it goes downstream of the cylinder. Consequently, there comes the 

point at both the top and bottom side of the cylinder where the velocity gradient is zero 

(ὅ and ὅ) and the continued downstream movement of the fluid is impossible. Thus, 

the boundary layer then separates and detaches from the cylinder surface resulting in 

the formation of stable or unstable wakes and vortices in the downstream region. The 

points of separation (ὅ and ὅ) and the wakes/vortices formation are dependent on the 

Reynolds number and size of the cylinder (D). Eventually, the fluid increases its 

velocity before attaining its upstream velocity (ὺ). Similarly, the pressure distribution 

varies according to the Bernoulliôs equation, i.e., as the velocity increases, the pressure 

decreases. Thus, the pressure increases as the fluid approach the upstream side of the 

cylinder and is the maximum at ὃ. It then decreases till it reaches the cylinder-top 

where it is the minimum (ὄ and ὄ). It then goes downstream side of the cylinder and 

increases with decreasing velocity. 

The flow is restricted for external flow across the tube bank because the spacing 

between the neighboring tubes is arranged in an inline or staggered configuration. The 

flow parameters are determined by computing the Reynolds number and fluidôs Prandtl 

number. The Reynolds number is defined based on the maximum velocity of the fluid, 

the nature of the fluid, and the characteristic length, i.e., the diameter of the tube, as 

shown in the following Equation. The maximum velocity, ὺ  is based on the 
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Figure 9: Physic of fluid flow across single cylinder/tube 

 

minimum cross-sectional flow area for both inline and staggered configuration cases, 

as shown in Figure 10. 

ὙὩ
”ὺ Ὀ

‘
 

 

 
(a) 

 
(b) 

Figure 10: Velocity definitions for (a) inline and (b) staggered tube-bank configurations 
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These parameters affect the thermal and hydrodynamic performance resulting from the 

crossflow of hot fluid and cold fluids across the tube bank.  The thermal performance 

for each fluid is generally quantified from its heat transfer rate (ὗ) in the form of 

Nusselt number, which is a dimensionless quantity and is also a function of Reynolds 

and Prandtl number for a given geometry (ὛȾὈ and ὛȾὈ), as shown in the following 

Equation. 

ὔό
ὬὈ

Ὧ
ὪὙὩȟὖὶ ȿϳȟȾ   

 

The purpose of using Nusselt number is because it uses fewer input parameters such as 

ὙὩ and ὖὶ when compared to physical variables such as ὗ, heat transfer coefficient 

(Ὤ), heat transfer area (ὃ) and ЎὝ  as shown in Equations (4)-(5) for a given tube-

bank geometry. 

ὗ ὬὃЎὝ   

where 

ЎὝ
Ὕ Ὕ Ὕ Ὕ

ÌÏÇ
Ὕ Ὕ

Ὕ Ὕ

 
 

Similarly, the hydrodynamic performance is generally quantified from pressure drop in 

the form of Euler number, which is a dimensionless quantity and is also a function of 

Reynolds number for a given tube-bank geometry (ὛȾὈ and ὛȾὈ), as shown in the 

following Equation. 

Ὁό
Ўὖ

ρ
ς”ὠ ὔ

ὪὙὩ ȿϳȟȾ   
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3.1.2. Phase Change Materials 

The phase change materials work when hot fluid flows in the TES such that the PCM 

melts. At first, the PCM starts sensible-heating due to enthalpy from the temperature 

difference between PCM and the fluid, if at different values (see Figure 11). 

Subsequently, as the PCM temperature reaches its phase-transition temperature, Ὕ, the 

PCM melts isothermally using a relatively large amount of enthalpy, ɝὌ.  Similarly, 

when the cold fluid flows, the same PCM material freezes, releasing the stored latent 

heat. To determine the amount of latent thermal energy that would be transferred 

relative to sensible enthalpy, a dimensionless parameter, Ste, is used as shown below: 

ὛὸὩ
ὅ Ὕ Ὕ

ɝὌ
 

 

where Ὕ refers to the surrounding fluid temperature  

 

Figure 11: Variation of enthalpy with temperature during the PCM transition process 

 

The PCMs can be categorized based on their transition phases - solid-liquid, solid-gas, 

and solid-solid such as Nitinol. Since solid-liquid and solid-solid types would have 

minimum volume change between their phases, these PCM types would yield more 
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compact designs. Focusing on the solid-liquid type PCMs, the PCM materials can be 

selected based on the following criteria: 

¶ Low cost, such as inorganic PCMs 

¶ High heat of fusion per unit volume and mass and high thermal conductivity such 

as inorganic PCMs as compared to organic PCMs 

¶ Non-inflammable, unlike organic PCMs. 

¶ PCMs transition temperature close to temperature conditions of surroundings. 

¶ Chemical stability per thermal cycle. It is generally recommended that PCMs 

withstanding up to 1000 thermal cycles [32] are reliable for use. 

¶ Subcooling and phase-segregation issues [21] for inorganic PCMs. Issues can be 

resolved using agents such as Borax and Bentonite in Glauberôs salt as PCM.  

¶ Compatibility with containment materials, particularly for inorganic PCMs, which 

can be highly corrosive 

Summarized PCM properties and costs can be found in Figure 12. 

 
(a) 
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(b) 

Figure 12: (a) Latent heat energy storage density and (b) material cost for different PCMs [33] 

 

The present dissertation focuses on PCMs such as Glauberôs salt, n-hexadecane, and 

potassium tetrahydrate based on the outlined criteria. 

3.2. Tube-Bank Correlations 

The physics behind the flow across the tube banks needs mathematical interpretation 

obtained by computing its thermal and hydrodynamic performances. This interpretation 

has been made in the literature in the past by (i) conducting experiments, (ii) performing 

numerical modeling, and (iii) by carrying analytical computations on tube bank designs 

based on different geometric and flow parameters. The literature studies use robust 

parameters such as Nusselt number and Euler number to evaluate the tube banks' 

thermal and hydrodynamic performances. 

According to the tube-bank configurations, the entire literature survey on thermal and 

pressure-drop performances for tube banks has been divided based on configuration, 

i.e., staggered and inline, and then on ὔό and Ὁό correlations. 
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The topic of tube banks has been studied for a long time as the earliest literature studies 

based on experiments date back to the 1930s. The studies intend to develop correlations 

for Euler and Nusselt numbers to study the effect of tube-spacing and flow parameters 

on the thermal and hydrodynamic performance of fluid across the tube banks. Over the 

period, several researchers started developing their correlations based on experiments 

and tried validating their work with the work done by other researchers. Several other 

researchers also used analytical methods to develop correlations by analyzing the 

naviers stokes equations governing the fluid flow across the tube banks. Around the 

1970s, with the increase in computational power, researchers started using numerical 

methods such as CFD solver tools to obtain the Eu and Nu correlations for given 

geometric and flow ranges for external flow over the tube-banks. More recently, 

Machine Learning and Neural Networks have been used to develop correlations from 

extensive experimental or numerical data for wide geometry and flow ranges.  

Euler Number| Staggered Configuration | Experimental Correlations 

One of the earliest studies by Chilton and others, [34] explored the relationship between 

the friction factor or the Euler number in terms of Reynolds number for both staggered 

and inline configuration by analyzing experimental data on flow across the tube-banks. 

Consequently, within the next decade, several experimental works on tube banks were 

studied by Sieder [35], Pierson [36], Huge [37], Wallis [38], and Norris [39].  

One of the most commonly used experimental data in the literature discusses Piersonôs 

correlations [36] based on air-testing on 22 staggered tube bank arrangements with 

ὛȾὈ ranging from ρȢςυ to 3 while ὛȾὈ ranging from 0.6 to 3 for a flow range of ὙὩ 
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varying from ςπππτπȟπππ. The ὙὩ was defined, based on mass-flow rate per unit 

minimum area in the bank, G. 

ὙὩ
ὋὈ

‘
 

 

The study presented a graphical relationship between Ὁό number synonymous with 

friction factor (Ὢ) with different ὙὩ corresponding to different ὛȾὈ and ὛȾὈ ratios 

and inferred that (i) Ὁό either remains constant or decreases with increasing Reynolds 

number and (ii) Ὁό number is greatly affected by the changes in the tube arrangement 

(ὛȾὈ, ὛȾὈ and tube configurations) as compared to the ὔό number. The authors of 

the study also provided correction factors for ὔ tubes, ranging from ρ ρπ rows but 

didnôt explain the trend satisfactorily. However, there were several unfavorable reviews 

about the use of correlations such as (i) 10-15% deviations when validated with 

correlations of other peopleôs works [40] and (ii) unaccounted experimental 

uncertainties, which might affect the frictional factor results [41].    

Extending the work of Pierson [36], another research was performed by Grimison [42] 

to provide correlations using the previously discussed data [36] [37] for ὙὩ varying 

from 2000 to 40,000. This work stated that the Euler number of friction factor, Ὢȟ is a 

function of ὙὩ. The study also mentioned that the correction factors for ὔ ρπ tubes 

were negligible. However, there were several unfavorable reviews regarding the usage 

of the correlations. One of them [43] was the significant deviations produced in mass 

velocity due to small details in experimental conditions under which the data was 

obtained. 

To further improve the understanding behind  friction factor curves based on Piersonôs 

correlations [36], another research was conducted by Jakob [44] where a curve-fitting 
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expression in terms of ὙὩȟὛȾὈ and ὛȾὈ and friction factor was obtained.  For 

staggered configuration, the correlation was proposed for ὙὩ ranging from 4000 to 

32,000, ὛȾὈ ranging from 1.25 to 3 and ὛȾὈ ranging from 1 to 3.  

Ὢ ὙὩȢ πȢςυ
πȢρρχυ

Ὓ
Ὀ ρ

Ȣ  

 

 

However, some unfavorable reviews [42] intended to use more accurate and simpler 

correlations; substantiated by data from many sources. Thus, a study [40] developed an 

integrated, simple correlation by Gunther and others, valid for both staggered and inline 

configuration as well as for bare and extended-surface tubes. These correlations were 

valid for ὙὩ ranging from 3 to 70,000 and ὛȾὈ and ὛȾὈ ranging from 1.25 to 5. 

But, this work too had some unfavorable reviews [45], such as (i) huge deviations 

observed between the Gunther correlations [40] and some additional experimental data, 

(ii) equally same effect of tube spacing and arrangement for both turbulent and laminar 

flow cases, (iii) limited data available on tube spacing (two staggered equilateral and 

no inline arrangement cases) for laminar range, and (iv) some miscalculated Reynolds 

number values. Accordingly, another study [45] provided some corrections to the 

friction factor graphs based on the work of Gunther [40], valid for ὙὩ ranging from 

ωπ χπȟπππ and for two different configurations ɀ inline and staggered. 

Eventually, one of the most widely used correlations based on Zukauskasôs work  [46] 

developed a more reliable, comprehensive, and widely covering wider ranges of tube 

spacing, tube arrangements, Reynolds, and Prandtl numbers. For staggered 

configuration, the correlations were valid for ὙὩ varying from 3 to 2,000,000, ὛȾὈ 
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varying from 1.25-2.5 and ὛȾὈ varying from 0.35-5.55. Though it is a widely used 

correlation, some unfavorable reviews regarding its applicability for discrete values 

and discontinuities in its correlations. For example, the correlations arenôt valid for 

extreme tube-spacings in the laminar range, such as when ὛȾὈ  2.5 and ὙὩ ρππȢ  

Similarly, recent works by Gaddis [47] also developed comprehensive correlations for 

ὔ ρπ rows, ὛȾὈ ranging from 1.25 to 3, ὛȾὈ ranging from 0.6 to 3 and ὙὩ 

ranging from 1 to 300,000. The ὔ is computed based on ὺ  (see Figure 10 (b)). 

Here, Ὁό number is synonymous to the definition of the drag coefficient ‚ used by the 

authors. The authors compute ‚ for both laminar and turbulent cases for both inline and 

staggered configuration where ‚ is a function of ὙὩȟὛȾὈ and ὛȾὈ.  

Euler Number | Staggered Configuration | Numerical and Analytical Correlations 

The alternate approach to developing correlations based on experiments is numerically 

developing the correlations by solving the Navier-stokes equations for flow over tube 

banks. The challenges were mainly the complex geometry and the computational power 

and cost. Meeting these challenges, the earliest attempts on numerical studies on tube-

banks involved developing conformal meshes [48] and running a simplistic flow case 

over a single cylinder [49]. Later, [50] a study provided solutions for the stream 

function and vorticity equations and presented graphical pressure-drop results for 

square staggered tube banks (ὛȾὈ = ςὛ Ὀϳ ) for ὙὩ within 1000 and ὛȾὈ at 1.77 

and 3. Their finite difference method used a hybrid grid approach  polar grid near 

cylinders and cartesian grid in the rest of the 2D domain, which included 2 rows of 

staggered quarter circles with symmetry boundaries at the tube-centerlines ὛȾςὈ 

distance away from each other and periodic boundaries at the inlet and the outlet. But 
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there were some unfavorable reviews particularly due to its limited range of tube 

spacing.  

Subsequently, another study [51] reported their work based on finite volume approach 

for ὙὩ ranging from 105 to 186,000, ὛȾὈ and ὛȾὈ ranging from 1.25 to 5 and ὔ 

varying from 1 to 2. They, however, used ὙὩ based on mean velocity as defined below: 

ὙὩ
”ὺὈ

‘‪
 

 

where ‪ ρ  and all the above correlations for Eu number are discussed in Table 

2 (a). 

Nusselt Number | Staggered Configuration  

The works provided by some of the authors in the above section also included the ὔό 

correlations, which will be discussed in brief here.   

Following one of the earliest reported experimental data based on Piersonôs work [36], 

the ὔό correlations so obtained were valid for the same geometric and flow ranges as 

mentioned for Ὁό number. Their graphical results showed ὔό increasing with ὙὩ
Ⱦ
. 

Besides that, ὔό was also observed to have a dependence on tube arrangements such 

as ὛȾὈ, ὛȾὈ and tube configuration. However, the results reported were applicable 

for gases such as air only, and the effect of ὖὶ number by using different fluids wasnôt 

considered. Similarly, the study by Grimison [42] used the theory of similarity on 

Piersonôs experimental data and proposed ὔό correlations for the same geometric and 

flow conditions like Ὁό. Ὂ is the arrangement obtained graphically.  

All the above correlations for the Nu number are discussed in Table 2 (b). 

ὔό πȢςψτὊὙὩȢ ὖὶȢ   
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Table 2: Staggered tube-bank correlations for (a) Eu and (b) Nu 

 
 

(a) (b) 
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Similarly, the literature studies for inline configuration are summarized in Table 3. 

Table 3: Inline tube-bank correlations for (a) Eu and (b) Nu 

  
(a) (b) 
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3.3. PCM based models 

Several kinds of research have been done in the literature on the numerical study of the 

phase-change process, in general. The first approach taken in the literature was by 

mathematically treating the phase-change problems as the moving boundary problems, 

also called Stefan problems [52] [53], and provided an exact solution [54] by solving 

heat equations and interface equations based on energy conservation at the phase-

change boundary. However, the interface energy equations are challenging to solve due 

to interface issues such as non-linear nature and physical discontinuities due to change 

in properties from one phase to another. Thus, the exact solutions are valid only for 

simple geometries and boundary conditions. Similarly, other analytical approaches, 

such as calculation of variation, successive approximation, and perturbation methods 

[52], are also limited to simplified 1D domains and boundary conditions.  

The alternative approach uses numerical techniques generally based on temperature-

based and enthalpy-based finite-difference and finite-element methods. The 

temperature-based methods track the phase-change boundary by solving two separate 

temperature equations on the solid and liquid computational domains through energy 

balance at the phase-change boundary [52,55].  However, these methods are not robust 

and are challenging to program due to interface issues. The enthalpy-based methods 

donôt track the phase-change interface but rather treat the problem as a typical heat 

conduction problem without phase-change by solving a single governing equation on 

the combined liquid and solid computational domain. It thus, avoid interface issues, 

unlike temperature-based methods. These methods are also robust and easier to 

program. Similar to the enthalpy-based methods, other methods commonly used are 
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source-term-based methods and heat-capacity methods [4], velocity transitioned 

modeling [56], and first and second thermodynamics-law models [57]. Thus, these 

numerical techniques can potentially resolve the multidimensionality and complexity 

of versatile analytical problems.  

The most common application of these numerical approaches is modeling energy 

storage processes in shell and tube storage units. Some numerical approaches use 

enthalpy-based [15] methods, while some use heat-capacity-based [16]. They formulate 

the PCM problem surrounding the tubes as a 2D axisymmetric problem with an inner 

cylinder consisting of the flow passing inside the tube. In contrast, the outer cylinder 

consists of the PCM. These cylindrical-based studies have been extended to model 

PCM cylinders enclosing finned tubes using traditional enthalpy-based approaches 

[17]. Some studies also use the enthalpy-based approaches directly via commercial 

solvers such as Ansys Fluent [58]. Similar applications on cylindrical latent heat 

storage systems have also been made using analytical approaches based on second 

thermodynamics law [18] and moving boundary methods [5]. Besides the traditionally 

used approaches, some other simple numerical approaches that have been developed 

are the temperature and thermal resistance iteration method [19] based on energy 

conservation and implemented for concentric tube storage units. However, most of 

these transient studies are based on the 2D computational domain, which is still 

computationally expensive.  

The present study, thus, focuses on developing a computationally efficient ROM for 

1D radial conduction in PCM, which is later validated with conventional enthalpy-

based approaches via commercial solvers. 
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3.4. Summary 

This chapter discussed the theoretical background behind the design and working of 

the cross-media HXs. Since such HXs consist of wires in a tube-bank geometry, a 

fundamental understanding behind external flow across tube-banks was explained. 

Extending the concept of tube-banks led to a detailed review of literature correlations 

for Eu and Nu numbers for both staggered and inline configurations. It was observed 

that these literature correlations are applicable only for a given range of tube-bank 

geometry. It was shown that although the applications considered for were typically 

used in laminar flow conditions, very few correlations are available that can be used 

directly for computing the cross-media HX performance of interest in this thesis. 

Moreover, from optimization point of view, a robust approach is required to compute 

the optimum HX performance since the available literature correlations are valid for 

discrete geometric ranges. 

Additionally, the properties and challenges associated with PCM, such as expensive 

encapsulation process and low PCM thermal conductivity were explained. It was 

suggested that such shortcomings can be met by the macro-encapsulation of PCM-

metal structures present in the TES units. Furthermore, the transient modeling of 

conduction in the PCMs is challenging using analytical approaches and is 

computationally expensive depending on the domain and transition period. These 

shortcomings can be more pronounced if one is to conduct multi-scale design 

optimization, as it involves multiple runs of design points and associated complexities. 
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Chapter 4: Numerical Modeling 

This chapter describes the numerical modeling of the HX for both the sensible and 

latent thermal energy storage applications. It consists of three main sections. The first 

section discusses numerical modeling for respective applications and how the present 

numerical models meet those needs and challenges. The second section deals with the 

development of a numerical model for sensible thermal storage applications. It requires 

performing 2D CFD simulations at the segment level of the HX and requires less 

computational cost than the CFD modeling of the entire HX.  A mesh-independence 

study based on the curve-fitting approach is also carried out to obtain mesh-

independent thermal and hydrodynamic parameters. However, the numerical model 

computes the entire HX performance by integrating the performance parameters from 

the CFD of segment level such as Eu and Nu numbers to that of the entire HX domain. 

Since the geometrical parameters might affect the flow field of the fluids across the 

HX, a high-fidelity 3D CFD model for the segment level of the HX is developed, which 

also tries to consider the effects of additive manufacturing on the HX geometric 

dimensions. The last section discusses a reduced-order model (ROM) for modeling 1D 

radial conduction inside PCM enveloping the wires. It uses an analytical approach, 

which saves a lot of computation power compared to the actual transient CFD 

simulations of the PCM-wire model. 

4.1. Need for the Numerical Study 

As discussed, the literature includes the correlations (╝◊ for thermal and ╔◊ for 

pressure-drop) only for some fixed ranges and flow conditions. However, there are no 
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direct correlations available in the literature for a wide range of tube-bank and flow 

parameters for laminar crossflow over staggered tube-banks (see Figure 13).  

 
Figure 13: Availability of literature correlations for staggered tube-banks for different ╢╣Ⱦ╓ and ╢╛Ⱦ╓ 

values at different ╡▄ 

 

This shortcoming in the literature can be overcome by performing a CFD study of the 

tube-bank geometry to obtain the entire HX performance for sensible storage 

applications. The present dissertation uses two different approaches for CFD modeling. 

The first approach is based on 2D CFD-based modeling related to nominal CAD 

dimensions of the iCMHX. In contrast, the second approach is based on 3D CFD-based 

modeling related to realistic and actual dimensions and geometry of iCMHX when 

measured via microscope and SEM. 

Similarly, for the latent thermal storage applications, there are no closed-form 

analytical solutions present in the literature to simulate transient heat transfer in PCM 

for the present TES concept. Moreover, using CFD tools to compute the entire TES 

performance directly is computationally expensive. Thus, this creates a need to develop 

a computationally-efficient CFD model for simulating transient heat transfer in PCM. 

4.2. Sensible Storage Model 

The applications of iCMHX as a CPU radiator for the electronic cooling of desktop 

computers have been discussed here. 
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4.2.1. iCMHX Geometry  

The iCMHX cools the hot liquid, which carries away the heat from the CPU via cross-

flowing cold ambient air. The cold air flows across the airflow length (ὒ  of the 

iCMHX. Similarly, the hot liquid (water) enters the liquid manifolds and is distributed 

into the first half of the liquid channels (), which is separated from their other half 

via a thin ABS polymer wall. This fluid path is shown in Figure 14. At the same heat 

transfer area, the double-pass system yields double the flow rate compared to the 

single-pass system, resulting in a higher heat transfer coefficient than the single-pass 

system but at the cost of a higher pressure drop. The details of the iCMHX design are 

summarized in Table 4. 

 

Figure 14: Schematic of the iCMHX with detailed geometry and fluid paths 
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Table 4: Design specifications of iCMHX 

 
 

The modeling process from the segment level to the entire iCMHX will now be 

discussed, as illustrated in Figure 15. 

 
Figure 15: Overview of a modeling approach for iCMHX from segment level to entire HX level 

4.2.2. Traditional 2D CFD Segment Level Model 

Later, a mesh-independence technique is described and implemented on the CFD 

results of Eu and Nu numbers. The section is divided into four subsections: (i) 
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Numerical Setup, (ii) Nusselt Number, (iii) Euler Number, and (iv) Mesh-Independence 

Study. A detailed study can also be found in [59]. 

4.2.2.1. Numerical Setup 

The  Euler and Nusselt numbers for the iCMHX are obtained using a detailed CFD 

study performed independently on both air and liquid sides, as traditionally done in the 

literature. They are modeled independently since assuming constant properties,  ╔◊ 

and ╝◊ depend only on the geometry and the flow conditions such as fluid velocity 

[60]. The staggered tube banks were modeled as a 2D-symmetric model of a tube bank 

since 3D is computationally expensive. The flow conditions of the iCMHX application 

of CPU cooling serve as the boundary conditions for CFD simulations. The low 

Reynolds flow of both liquid and air sides results in a symmetrical flow field ([61]) and 

no vortex shedding, suggesting a 2D symmetric steady-state model. The domain and 

boundary conditions are given in Figure 16. A velocity inlet is applied on the left, while 

a pressure outlet is given on the right. The top and bottom are treated as symmetrical. 

The inlet and outlet are placed at around 11D from the first and last tube to ensure that 

the upstream or downstream boundary conditions do not affect the results. The 

computational cost is further saved by restricting the maximum number of tubes for 

modeling to 20. 

The operating conditions for this application used in CFD modeling are shown in Table 

5. 
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Figure 16: Numerical set-up including domain and boundary conditions for segment level model of 

iCMHX 

 

Table 5: Operating Conditions for Electronic Cooling Applications 

Thermal Conditions 

ὨὝ  ςπᴈ 

Flow Conditions 

ὙὩ ρσφτ 
ὙὩ  ρφχψ 

Simulation Statistics 

Total Cases ρυφ 
 

In the first step of the modeling, the geometry and boundary conditions were set up 

(see Figure 16) and mesh operations were performed, including edge-sizing and face-

meshing consisting of unstructured triads elements in GAMBIT 2.4.6, as shown in 

Figure 17. 
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Figure 17: Meshed domain between tube-bundles consisting of 922,594 cells (top) and meshing as 

seen around the circular tube (bottom) 

 

In the next step, the meshed model was exported to Ansys Fluent 18.2 for running CFD 

simulations holding the following assumptions: 

¶ Laminar, steady-state, incompressible-flow, and iso-thermal flow with negligible 

work done by gravity, pressure, and viscous forces  

¶ Constant fluid properties 

The boundary conditions for the model include conditions imposed on the velocity 

inlet, symmetry, walls, and the pressure outlet. The velocity inlet takes the 

corresponding air-side and liquid-side ὺ in the x-direction along with some constant 

temperature Ὕ░▪ ) as input as the temperature doesnôt affect Ὁό and ὔό values. The 

symmetry boundary in Fluent implicitly sets the gradients of flow and temperature 

variables in the y-direction to zero. The wall boundary condition is taken to be 

isothermal at some temperature (Ὕ ). The pressure-outlet boundary condition sets 

the outlet pressure ὖ ) to zero. 
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The resulting governing Navier-Stokes equations for the 2D-CFD model are given in 

Equations (1)ï(3): 

Continuity: Ͻɳὺᴆ π (1) 

Momentum: Ͻɳʍὺᴆὺᴆ 0ɳ Ͻɳʐ (2) 

Energy: ϽɳʍὺᴆὅὝ ϽɳËɳ4 (3) 

where ὺᴆȟὖ and Ὕ are solved for both x and y directions and ʐ  term represents the shear 

stress present in the fluid. 

 

The simulations were run by setting up the solver details to attain faster convergence. 

The solver consists of PRESTO for pressure, first-order upwind for momentum and 

energy, and a residual limit of 1e-5 for continuity and momentum and 1e-12 for energy. 

The final step of the CFD study includes a post-processing procedure to compute Euler 

and Nusselt numbers for both air and liquid sides from output parameters such as the 

area-weighted average of P computed at the velocity-inlet boundary (ἜἱἶἴἭἼ) and the 

mass-weighted average of T computed at the pressure-outlet boundary (╣▫◊◄■▄◄), 

respectively.  

4.2.2.2. Nusselt Number 

ἚἽ is computed using the Ἒἢἣ method. Since the air side and liquid side are 

modeled separately, the Ἒἢἣ relationship for independent flow-configuration is 

employed to get Ἒἢἣ from Ⱡ for each side. Ⱡ is first evaluated for air and liquid sides, 

followed by NTU. 

‐
Ὕ Ὕ

Ὕ Ὕ
 

(4) 
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ὔὝὟ ÌÏÇ ρ ‐  (5) 

where the index ░ takes the value of a and ◌.  

The heat transfer coefficients (▐░) are then computed from ╝╣╤ using the following 

equation. 

Ὤ ὔὝὟ
άὅ

ὃ
 

(6) 

where □ and ═░ refer to the mass-flow rate and flow-area corresponding to the CFD 

domain, respectively. ╝◊ is obtained from ▐ for both air and liquid-side using Equation 

(7). 

ὔό
ὬὈ

Ὧ
 

(7) 

where the index ░ takes the value of a and ◌. 

4.2.2.3. Euler Number 

Similarly, Euler numbers for both air and liquid-sides are obtained using Equation (8) 

where ▀╟ is defined from the simulations as the (ἜἱἶἴἭἼ - ἜἷἽἼἴἭἼ and ╝╛ as 

ἵἱἶ ╝╛░
█░▪▼
ȟ . 

Ὁό
Ὠὖ

ρ
ς
”ὺ ὔ

 
(8) 

where the index ░ takes the value of a and ◌. 
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4.2.2.4. Mesh-Independence Study 

The accuracy of the CFD results is improved via a mesh independence study on Ὁό and 

ὔό using three different mesh levels for air-side and liquid-side refinements. The 

methodology is shown in Figure 18 and described in detail below. 

 

Figure 18: Methodology to compute mesh-independent Euler and Nusselt Numbers 

¶ Step1: The mesh is globally refined by varying the edge-intervals during edge-

sizing operation in Gambit, as shown in Table 6. Here, the number of equivalent 

cells, ἚἭἹἾ
ἫἭἴἴἻ is defined from total number of cells for both air and liquid side as 

shown by Equation (9): 

ὔ Ѝ4ÏÔÁÌ #ÅÌÌÓ (9) 

 

Table 6: Specifications of Mesh Levels 

Mesh-Levels 
Total Cells 

Airside Liquid-side 

1 588268 540864 

2 922594 1226264 
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3 2329468 2222450 

 

¶ Step 2: A curve-fit for an equivalent number of total cells (ὔ ) is adopted in lieu 

of Richardson extrapolation [62]. A power law curve is fitted mathematically as 

shown in Equation (10): 

Ὂ ὥ
ὦ

ὔ
 

(10) 

where Ὂ stands for a generalized curve-fitted term representing Ὁό and ὔό 

corresponding to the respective ὔ  for both air and liquid sides, and ὥ, b, and ὧ 

represent some fitting coefficients. The finest three mesh values (ὪȟὪ and Ὢ) 

representing Ὁό or ὔό corresponding to the three mesh-levels 1, 2, and 3, 

respectively, are considered for the curve-fitting process. 

From Equation (10), the asymptotic values/extrapolated solutions, when ὔ

Њ, are given by the ὥ coefficients of the curve-fits. To check the goodness of the 

curve-fit, %ɝ  is defined as the maximum % difference between the mesh and 

corresponding curve-fit values. 

¶ Step 3: To determine whether the mesh is sufficiently refined to provide the mesh 

value closest to the extrapolated solution, a parameter denoted by Ϸɿ  is 

introduced. It is used for comparing the deviation of the extrapolated solution, ὥȟ 

obtained from Step2 from the finest mesh-value, óὪ ȟô as shown in Equation (11): 

Ϸɿ
Ὢ ὥ

ὥ
ρππ 

(11) 

¶ Step 4: If the Ϸɿ  obtained from Step 3 is less than its tolerance limit, then the 

mesh is said to converge. The extrapolated solution a is taken as the mesh-
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independent value for Ὁό and ὔό for both air and liquid sides at different Reynold 

numbers. A tolerance limit of 15% was set for Ϸɿ Ȣ 

The mesh was found to converge for all the cases for both the air side and liquid side. 

For clarity, the liquid-side trend for only one Reynolds number is shown to highlight 

the curve-fitting approach (see Figure 19). In cases with no mesh convergence, the 

desired Ϸɿ  can be achieved by running finer mesh, which comes at a high 

computational cost. 

  
(a) (b) 

Figure 19: Trend of liquid-side (a) Euler Number and (b) Nusselt numbers with Equivalent Mesh at 

particular ὙὩ value 

 

Table 7: Mesh-Independence Summary 

 Airside Liquid-side 

 Eu Nu Eu Nu 

Maximum %ɝ  πȢπσψωϷ πȢπσσυϷ πȢρρςϷ πȢπςρφϷ 

Maximum Ϸɿ  πȢυτχϷ ρȢχρρϷ ρȢωπφϷ ρρȢσϷ 
 

It is to be noted that the curve-fitting approach utilizes the value of coefficient ὧ as 1, 

as it is representative of the first order of discretization used by the Fluent solver. The 
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curve-fit such obtained demonstrates a good curve-fit lying within the maximum 0.1% 

for both Euler and Nusselt numbers for both the fluids (see  

Table 7).  This demonstration suggests that our assumption of keeping ὧ as 1 is 

justifiable. It is also worth noting that the maximum Ϸɿ  observed in .Õ and %Õ is 

for higher Reynolds numbers (2Å φφȟ2Å χψ) obtained on the liquid side. Thus, 

fine mesh refinement on the liquid side should be taken care of. 

4.2.3. Analytical Model Based Entire HX Model 

The mesh-independent Euler and Nusselt numbers for both the fluids are then used to 

compute the overall HX performance. 

4.2.3.1. Heat transfer 

The authors based the heat transfer study across the iCMHX to the concept of heat 

transfer across staggered tube banks. The heat transfer coefficient is calculated from 

ὔό for both air and liquid, as shown in Equation (12). Since ὔό correlations are absent 

in the literature for the current geometry, it is obtained from mesh-independent CFD 

simulations, which is explained through Equations (4)  (7). 

Ὤ
ὔόὯ

Ὀ
 

(12) 

 

where the index Ὥ takes the value of a and ύ. 

Once the heat transfer coefficients are determined for both air and liquid/water, the 

overall thermal resistance (see Equations (18)) is calculated using the thermal circuit 

model, formed due to the (i) air-side convective resistance on the fins, (ii) the water-

side convective resistance on the fins and (iii) the conductive resistance across ◄◌╪■■. 
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The fins for air-side convection are considered in-between planes ╒╒ ╓╓ᴂ (see 

Figure 14) while the fins for the liquid-side convection are considered in-between 

planes ══ ║║ such that they all have adiabatic tips due to geometrical symmetry. 

The region between the two planes in each case is defined as an interface. For wall 

resistance, the interface is said to be the region between the planes ║║ ╒╒ᴂ separated 

by ◄◌╪■■ distance. Drawing this analogy on the entire iCMHX, there is a total of ἶ

╝◌
╬▐╪▪ ) interfaces formed by the planes, or ἶ  for the current design.  

Therefore, to calculate the overall thermal resistance, the fin-efficiency (Ɫ) has to be 

first determined using fin-parameter (□▬ and effective fin length (╛╒) for both air and 

liquid sides. 

άὴ
τὬ

Ὧ Ὀ
 

(13) 

ὒ
ύ

ς

Ὀ

τ
 

(14) 

– 
ÔÁÎÈάὴὒ

άὴὒ
 

(15) 

where the index ░ takes the value of a and ◌. 

Following the thermal circuit model, the overall thermal resistance is then calculated 

using Equation (18) from (i) the air side, (ii) the liquid side, and (iii) the walls, using 

the mentioned heat transfer fin areas derived in Equations (16) and (17): 

ὃ “
Ὀ

τ
ὔ ὔ ὲ 

(16) 

ὃ “Ὀύὔ ὔ ὔ  (17) 

where the index ░ takes the value of a and ◌. 
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Ὑ
ρ

Ὤὃ –

ρ

Ὤὃ –

ὸ

Ὧ ὃ
 

(18) 

 After ╡◄▫◄╪■ is calculated, the overall thermal performance parameter such as heat 

transfer rate (╠) is calculated using the Ἒἢἣ method (see Equations (21) ï(23)), 

considering that the CMHX operates in a cross-flow configuration with both fluids 

unmixed. For the Ἒἢἣ method, the overall NTU has to be calculated using 

conductance (╤═▫○▄►╪■■). Since ╡◄▫◄╪■ is known, ╤═▫○▄►╪■■ is calculated as shown 

below: 

Ὗὃ
ρ

Ὑ
 

(19) 

ὅ ÍÉÎ ά ὅ  ȟά ὅ   (20) 

ὔὝὟ
Ὗὃ

ὅ
 

(21) 

ʀ ρ Ὡ
ᶻ Ȣ ᶻ Ȣ

  
(22) 

ὗ  ʀ ὅ ὨὝ (23) 

The methodology is also explained via a flowchart, as in Figure 20. 

Besides this, some typical trends are observed. ╝◊ is shown to increase with increasing 

╡▄ ╪▪▀ ╟► [63] following a power-law trend, as shown below.  

ὔό ὪὙὩȟὖὶȟὛȟὛȟὈ  (24) 

ὔό ὃ ὅὙὩ  (25) 

where ═, ╒ and □ are some fitting coefficients. 
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Figure 20: Methodology for prediction of HX performance 

 

  

(a) (b) 

Figure 21: Trend of airside Nusselt number with Reynolds 
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From Equation (25), it can be seen that the curve-fit deviates from the conventional 

form mentioned in the literature [64,65] with an offset. This deviation can be explained 

because the literature correlations are generally applicable for higher Reynolds flow 

where Nusselt value continuously varies with the increase in the size of recirculation 

zones due to turbulent flow. However, when the Reynolds number is very small, ἚἽ 

appears to be fairly constant, equivalent to the offset, Ἃ. The constant ἚἽ value is, thus, 

interpreted to be the fully-developed ἚἽ value ([66] and [67]), which along with the 

developing flow-term enables this curve-fit to work even for low ╡▄ conditions. The 

effect of ἜἺ is incorporated with the coefficient Ἅ. An assumption of ἵ Ȣ is made 

to be in agreement with the correlations-form given in the literature ([68] and [69]). 

Since the curve-fit is good)ðthat is, maximum of %ἬἱἮἮ is within 1.2% except one 

point with Ϸ ἬἱἮἮ of around 4%ðour assumption seems to be justifiable. 

Also, there is an effect of geometrical parameters on ἚἽ for the air side (╢╣ = 1.4 

mm, ╢╛  □□) and liquid side (╢╣ = 2 mm, ╢╛  0.7 mm). Since they share 

different geometries,  ╝◊ is curve-fitted separately for each side. As the geometrical 

parameters vary, the recirculation region space changes. The recirculation zones 

expand as the flow becomes more tortuous, leading to better mixing between the fluid 

and the fins ([70]). Thus, the effect of ╝◊ due to ╢╣ and ╢╛ depends on their 

contribution towards formation of recirculation zones behind the tubes at different 

Reynolds numbers. 
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4.2.3.2. Pressure-Drop 

The flow impedance, or the air and liquid pressure drops, is governed by the 

independent variables, including geometric spacing and air and liquid flow rates. The 

pressure drop is calculated from ╔◊ using Equation (13), as mentioned below. Like 

╝◊ȟ ╔◊ correlations are also absent in the literature. They are also obtained from mesh-

independent CFD results as discussed in Equation (8). 

Ὠὖ ”ὺὉόὔ   (26) 

where the index ░ takes the value of a and ◌. 

This can also be explained through flow-chart, as shown in Figure 22. 

 

Figure 22: Methodology for computing pressure-drop 

Like ╝◊ vs. ╡▄, the relationship between the ╔◊ with Reynolds number for air side 

and liquid sides was found to follow the inverse power-series, according to the trend 

observed in the literature [68,69]. The goodness of the curve-fit lies (see Figure 23 and 

Figure 24) within the maximum of 2.7%, thus the trend of ╔◊ decreasing with 

increasing ╡▄ can be quantified mathematically as shown below: 

Ὁό ὪὙὩȟὛȟὛȟὈ  (27) 

Ὁό
ὃ

ὙὩ
ὄ 

(28) 
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where A and B are some fitting coefficients. 

 

 

(a) (b) 

Figure 23: Trend of Euler number with Reynolds number 

 

 

 

(a) (b) 

Figure 24: Trend of Nusselt number with Reynolds number for air and water 

Since ╔◊ also depends on the geometrical parameters of the tube banks, the air-side 

and liquid-side ╔◊ are reported to have different Euler numbers even at the same 

Reynolds number, since they have different ╢╣ and ╢╛. From Figure 23 and Figure 24, 
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it can be noted that ╔◊╪ has higher value compared to ╔◊◌, as ╢╣ for the air side (1.4 

mm) is less than that for the liquid side (2 mm). This justifies the reasoning that the 

flow impedance increases if the tubes are placed close to each other in the transverse 

direction of flow [71]. The effect of ╢╛ is observed to have considerably less influence 

on Euler numbers, since the flow is passing through the tubes such that the longitudinal 

spacing doesnôt affect the fluid path significantly.  

4.2.4. High-Fidelity  3D CFD Segment Level Model 

A detailed study regarding this can be found in [72]. 

4.2.4.1. Effect of Printing Variabilities  

Since the iCMHX is additively manufactured, the effect of printing variabilities on the 

iCMHX dimensions needs to be studied and then implemented in the numerical model 

to predict the iCMHX performance better. For this study, the iCMHX was first 

hardened using an Allied epoxy-set of resin and hardener to retain its original 

dimensions and then machined into different segments (see Figure 25), which were 

analyzed using Keyence VR3200 microscope and Hitachi SU-70 FEG SEM.    

Some major printing variabilities are discussed below: 

¶ The wires were excessively squashed in the water flow direction (y-axis), such that 

they acquired spatially-varying ellipsoidal shapes instead of nominal circular 

shapes (see Figure 25 (a)). This squashing could be due to the improper functioning 

of the wire-extruder mechanism of the printerôs metal head. 
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(a) 

 
(b) 

Figure 25: (a) SEM image for wire spacings and wire shape; and (b) microscope image of varying 

water channel width  

 

¶ The wire spacings, particularly SL, varied with a high standard deviation, as shown 

in Figure 25 (a). This misalignment among a few rows of wires deviated from the 

nominal staggered configuration. It might have occurred due to the precision error 

in the movement of the printerôs metal head. 

¶ The water channel width, Ww, also varied spatially due to variable polymer wall 

thickness (see Figure 25(b)), possibly caused by the precision error in the 
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movement of the printerôs polymer head. The deviation in the average reading of 

width of the water channel from its nominal reading was the highest of all the 

geometrical parameters.  

¶ The coating thickness of polyurethane sealant (tcoat) from the dip-coating process 

around the wire was around 20 Ⱨ□Ȣ 

A statistical analysis on the measured dimensions was carried out, the summarized 

dimensions shown in Table 8.  

Table 8: Measured dimensions of iCMHX due to printing variabilities 

 Nominal Measured 

 
[mm] 

Average 
[mm] 

Standard Deviation 
[mm] 

Range 
[mm] 

Number of 

Measurement Points 

ἎἩ 0.44 0.48 0.042 0.343-0.686 982 

ἎἪ 0.44 0.42 0.045 0.275-0.566 1025 

ἡἢ 1.4 1.4 0.15 0.472-2.78 941 

ἡἘ 1 0.94 0.253 0.224-1.74 850 

ἥἿ 2 1.79 0.18 1.23-2.13 106 

ἼἿἩἴἴ 1 1.08 0.127 0.85-1.48 49 

Based on the average measured dimensions, the overall iCMHX design parameters (see 

Figure 14) are formulated as shown in Table 9.  

Table 9: Design details, as measured, of the current iCMHX unit  

 iCMHX 

ἘἩ ἵἵ  16 

ἘἿ ἵἵ  119.6 

ἘἶἮ ἵἵ  119 

ἵἒἦ □□  253.2 
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ἤἷἴἒἦ 
□□  

2.27Ĭ105 

ἥἩ  ἵἵ  19 

ἥἿ ἵἵ  1.79 

ἼἿἩἴἴ ἵἵ  1.08 

ἶἫἩ 5 

ἶἫἿ 6 

ἡἢ ἵἵ  1.4 

ἼἮἱἶ ἵἵ  - 

ἡἘ ἵἵ  0.9 

ἎἩ ἵἵ  0.48 

ἎἪ ἵἵ  0.42 

Ἒἢ 14 

ἚἘ 84 
 

The numerical study is then carried out in the next section using the above dimensions.  

4.2.4.2. 3D CFD Numerical Setup 

The segment-level-based 3D CFD study is performed on ellipsoidal-shaped wires or 

tube banks. Though several studies have been performed on ellipsoidal shaped tube-

banks [73ï78], li ttle work has been done directly related to the current studyôs elliptical 

eccentricity, tube-bank spacing parameters, and laminar flow conditions. The water-

side domain for the current study is obtained by simplifying one of the water channels 

of the iCMHX, as shown in Figure 26 (a) and (b). This simplification is done by 

assuming a uniform fluid flow and temperature profile across all the water inlets. As 

shown, the water-side domain is first reduced from a single water channel to a single 

symmetrically half water channel consisting of ╛╪ ╦◌Ⱦ ╛◌ dimensions. The 3D 

domain, however, can be further reduced along ╛╪ and ╛◌ dimensions. A symmetric 

flow field is expected along the y-direction for given flow ranges ( ╡▄◌ ), 

as similarly observed in the literature [61]. Thus, ╛╪ dimensions, including ╝╛ wires, 
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can be reduced to a symmetric domain consisting of two consecutive wires in the ●-

direction, ╢╛ distance apart. The effect of the wall boundary in the x-direction is 

modeled separately using similar domain and boundary conditions. For the ╛◌ 

dimension, the computational domain in the y-direction can be reduced by using at least 

20 wires, as the equivalent number of wires in the longitudinal direction to water flow 

(2╝╣) is too large. These equivalent wires are defined based on the longitudinal spacing 

between the wires (ST/2) along the water flow direction. Since the water channels are 

too narrow, the ratio of the width of the water channel (Ww) to the transverse spacing 

 
(a) 

 
(b) 
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(c) 

Figure 26: Domain simplifications: (a) entire iCMHX domain; (b) simplification to segment-level 

water-side 3D domain (c) simplification to segment level air-side domain 

between the wires (2SL) is much less than 5. Therefore, the velocity component and 

gradients of the velocity field of the water flow in the z-direction cannot be neglected, 

as explained in the literature [12]. Thus, the wall boundary condition on the polymer 

wall must be modeled. 

Similarly, the air-side domain can be obtained from one of the air channels of the entire 

iCMHX, as shown in Figure 26 (a) and (c). As shown, the air-side domain is first 

reduced to a single symmetrically half air channel consisting of ╛╪ ╦╪Ⱦ ╛◌ 

dimensions. As the airflow is also expected to have a symmetric flow field in the x-

direction for the given flow ranges ( ╡▄╪ ), the 3D domain is then further 

reduced along ╛◌ dimensions, including ╝╣ wires, to a symmetric domain consisting 

of two consecutive wires in the y-direction, ╢╣Ⱦ  distance apart. The rest of the other 

dimensions can be simplified. Since the air channels are too wide (╦◌Ⱦ╢╣>> ), the 

wall boundary condition in the z direction might not be needed. However, it is modeled 

as a 3D domain like the water side for consistent boundary conditions. 
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The air-side and water-side computational domains are created in Gambit software 

using MATLAB scripting. Each computational domain is obtained by first using edge-

meshing operation and mesh-refinement on the wire edges, followed by face meshing 

operation on the surface using triangular elements and pave scheme. Later, hexahedral 

and wedge-type elements and a cooper scheme suitable for cylindrical surfaces mesh 

the entire domain volume. 

 
Figure 27: Meshed domains for the ellipsoidal fin on the waterside domain for illustration purpose 

A velocity inlet condition is imposed on the surfaces where the fluids enter their 

respective domains, while a pressure-outlet condition of zero Pa is imposed on the 

surfaces where the fluids exit the domains. To ensure that the upstream and downstream 

boundary conditions donôt affect the results, the inlet and outlet are kept at around 11Dh 

from the first and last wires, as done in the authorsô past study [24]. A temperature 

Dirichlet wall-boundary condition is imposed on the ellipsoidal wires. Some constant 

temperatures can be considered at the inlet and the wires as the temperature donôt affect 
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the Nusselt number, assuming that the thermophysical properties are constant. The 

meshed domains are separately simulated in Ansys Fluent for different flow velocities, 

○╫, with the assumptions and solver details mentioned in Table 10. 

Table 10: Assumptions and solver details for 3D model setup 

Assumptions 

Laminar flow, steady-state, incompressible flow 

Constant fluid and material properties 

Uniform fluid flow and temperature profiles at the inlets 

Solver Details and Methods 

PRESTO for pressure 

1st order upwind for momentum and energy 

Coupled scheme for pressure and velocity 

Convergence tolerance: ρπ  for continuity and momentum; ρπ  for energy 

For thermal performance, the Nusselt numbers for both fluids are obtained using the 

Eff-NTU method as detailed in [24]. Typical velocity and temperature contour plots at 

some given flow rate for the air-side domain are shown in Figure 28. 

 

(a) 

 
(b) 

Figure 28: Contour plots of (a) velocity and (b) temperature for some particular flow rate at symmetry 

plane of the air-side domain located ╦╪Ⱦ distance from the wall 
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The Nu and Eu numbers are obtained using similar methodology as discussed in 

Sections 4.2.2.2 and 4.2.2.3. Similarly, they are then integrated to compute the heat 

transfer coefficients for the airside (▐╪) and waterside (▐◌) using Equation (12).  

Furthermore, to check the independence of the CFD results from convergence 

tolerances and mesh sizes, a residual independence study is carried out, followed by a 

mesh independence study. For the residual independence study for a given mesh, the 

continuity residuals are varied from  to  and the Euler and Nusselt numbers 

are observed to vary within Ȣ Ϸ. For the mesh-independence study, the residual 

independent values of Euler and Nusselt numbers are used for a given mesh. The mesh 

cells are varied uniformly in all x-, y- and z-directions. For the air side, as the mesh 

cells vary from 880,000 cells to about 2,100,000 cells, ╔◊╪ and ╝◊╪ are found to vary 

within 0.7ϷȢ Similarly, for the water side, as the mesh cells vary from 340,000 cells to 

about 3,600,000 cells, the ╔◊◌ and ╝◊◌ are found to vary within 2ϷȢ 

A graphical representation of the CFD-obtained convective heat transfer coefficients 

(▐╪ and ▐◌) is shown in Figure 29. 

  
(a) (b) 

Figure 29: Convective heat transfer coefficients obtained from 3D CFD based on Equation (12) for (a) 

air side, and (b) water side 
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However, there is also an additional convective resistance due to the polyurethane 

coating on the wire. The resulting heat transfer coefficient due to the coating can be 

defined based on the cylinder thermal resistance, as defined in the literature [60] and 

shown in Equation (29). It is computed to be around 11,483 ╦Ⱦ□ ╚. 

▐╬▫╪◄
▓╬▫╪◄

╓▐ἴἷἯ
╓▐Ⱦ ◄╬▫╪◄
╓▐Ⱦ

 
(29) 

The effective heat transfer coefficients can, thus, be calculated as shown below: 

▐▄██░
▐░ ▐╬▫╪◄

 
(30) 

Thus, the heat transfer rate for the entire iCMHX is ultimately obtained using the 

effective heat transfer coefficients in Equations (13)-(23) instead of just the heat 

transfer coefficients. 

4.3. Latent Thermal Storage Model 

This section focuses on developing a computationally-efficient ROM for 1D radial 

conduction in PCM enveloping metal wires in a tube-bank geometry, which is later 

validated with conventional enthalpy-based approaches via commercial solvers.  

4.3.1. ROM 

4.3.1.1. TES Geometry 

The novel TES system includes the cross-media based metal-polymer composite HX 

(see Figure 30 (a)) consisting of hot fluid (or cold fluid in the reverse heat release 

process) flowing across alternate fluid channels (ὲ ) of width, ὡ  and PCM-
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contained polymer channels (ὲ ) of width, ὡ ȟ as shown in Figure 30  (c). Here, 

the TES system is relatable to the iCMHX as the terminology ὡ , ὡ , ὲ  and 

ὲ  used here is representative of the iCMHX design parameters: ὡȟὡȟὔ  and 

ὔ  respectively. As the hot fluid flows across the fluid channels, convective heat 

transfer occurs between the hot fluid and the metal wires, of diameter, Ὀ, exposed on 

the fluid side which are arranged in a tube-bank geometry governed by lateral (Ὓ) and 

longitudinal (Ὓ) spacing parameters (see Figure 30  (b)). The heat then continuously 

conducts through the wires axially, up to ὸ  length, until it reaches the PCM side. 

This concept of laying small-diameter continuous metal wires of high thermal 

conductivity such as copper across all the fluid and PCM channels, providing a direct 

heat transfer route between the hot fluid and the PCM, is called the cross-media 

approach (see Figure 30 (c) and (d)). Since the heat transfer route is independent of the 

thermal conductivity of the polymer, the resulting TES system is a low-resistance unit. 

When the wire reaches the PCM side, the heat starts conducting to the PCM, and when 

the PCM temperature reaches its phase-transition temperature (Ὕ ), the PCM starts 

melting and stores the heat isothermally in the form of latent thermal energy. These 

TES systems are entirely additively-manufactured in-house using a customized 

proprietary 3D printer consisting of two print heads: polymer and metal; designed and 

developed by a few of the co-authors. A detailed description of their fabrication 

technique can be found here [28,30]. 
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(b) (c) 

 
(a) (d) 

Figure 30: Design of gas-to-PCM TES system (a) isometric view (b) cross-sectional view of XY plane 

showing metal wires in tube-bank geometry (c) cross-sectional view of XZ plane with cross-media 

approach highlighted in red and (d) cross-media approach leading to melting of PCM 

 

The present study focuses on simulating the melting process of PCM enveloping the 

metal wires in a PCM-to-fluid HX. It can be easily extended to perform a simulation 

for the freezing process, which is similar to the simulation of the melting process, but 

with minor adjustments. 

4.3.1.2. Domain Assumptions and Simplifications 

Since the modeling of the entire HX domain is computationally expensive, it can be 

easily simplified to an independent segment-level based model, using the following 

assumptions: 
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1. Constant and isotropic material properties of fluid, polymer, metal, and PCM (both 

liquid and solid phases)  

2. Flow is fully developed.  

3. No hysteresis in the melting temperature of the PCM (Ὕ ) 

4. Entire PCM at its melting temperature (Ὕ ) initially 

5. Negligible effects of gravity 

6. Heat only transfers through wire fins, and conduction through polymer wall is 

negligible 

7. Uniform fluid flow (ὺ ) and temperature (Ὕ ) profiles at the inlet 

8. 1D radial conduction in PCM  

9. Quasi-steady-state approximation (ὛὸὩπȢρ or negligible thermal capacitance of 

PCM. Here, ὛὸὩὅ Ὕ Ὕ ȾὌ. 

Since the fluid is assumed to have uniform fluid flow and temperature distribution 

across ὲ  inlet channels in the x=0 plane of the entire TES domain (see Figure 31 

(a)), the fluid flow across every single channel would have the same inlet velocity (ὺ ) 

and inlet temperature (Ὕ). Now, using symmetry conditions, a single-channel can be 

further reduced to a half-channel domain such that the wires of lengths ὡ Ⱦς and 

ὡ Ⱦς will acts as fins for the fluid and the PCM-side, respectively.  

This simplification results in an equivalent inlet velocity of ὺ and uniform 

temperature of Ὕ uniformly distributed over the entire half-channel in the y-direction. 

Now, for determining the inlet flow and temperature distribution across the wires in the 

tube-bank geometry, an index system of i (ρ Ὥ ὔ) in the x-direction and j (ρ

Ὦ ὔ) in the y-direction is used to identify each wire. As the temperature profiles are 
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uniformly distributed across the inlet plane-x=0, the flow and temperature profiles for 

each ith wire would also be the same in the y-direction, i.e. Ὕȟ Ὕ for all ρ Ὦ ὔ 

(see Figure 31 (a)). Extending this for any ith wire, Ὕȟ Ὕ. Similarly, for the flow 

profile, as the velocity is uniformly distributed over the entire area across for any ith 

and jth wire, ὺȟ ὺ. This means that for a given ith wire, all the wires will have 

identical thermal performance along the y-direction. Thus, all wires for any given ith 

row will have identical thermal performance along the y-direction. Thus, Ὕ Ὢώ 

and only ὔ wires need to be simulated instead of ὔ ὔ. This simplifies the half-

channel domain to a single row domain, as shown in Figure 31 (a).  

However, the single row domain includes ὔ different fluid inlet temperatures (Ὕ for 

i=1:ὔ) that need to be calculated at a known time. As the fluid flows from any Ὥ wire 

to the Ὥ ρ  wire, the fluid outlet temperature from Ὥ wire (Ὕ ) becomes the 

fluid inlet temperature (Ὕ ) for the Ὥ ρ  wire and so on. In this way, Ὕ for any 

Ὥ index of ὔ can be computed from the values of the previous wires. Since the fluid 

flow model across different ὔ wires, is otherwise identical and independent, for a 

given Ὕ, the model can be reduced from the single row domain to a single PCM-wire 

cartesian domain, as shown in Figure 31 (b).  

But, the single PCM-wire cartesian domain in Figure 31 (b) includes three (cartesian: 

ὼȟώȟᾀ) directions of conduction for the PCM. Using the assumption of 1D radial 

conduction, the directions of conduction can be reduced from three to one (Radial: ὶ). 
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(a) 

 

(b) 
Figure 31: Domain simplification (a) Entire TES domain to single row domain and (b) single row 

domain to single wire radial domain 

 

This simplification can be done by treating the single wire surrounded by the cartesian 

PCM domain as a single wire surrounded by a cylindrical PCM domain. It contains the 

same thermal mass of the PCM as the cartesian domain.  
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But geometrically speaking, when the single wire radial domains are arranged in the 

tube-bank geometry for all i and j values, some overlap regions might occur between 

the radial PCM domains of the neighboring wires (see Figure 32).  

 

Figure 32: Example of PCM overlap for PCM-wire cylinders when visualized in tube-bank geometry 

Thus, the following section entails a detailed analysis needed to compute ὶ  and 

understand the geometric behavior of the overlap regions. 

4.3.1.3. Geometrical Study of PCM-Wire Cylinders 

This section includes the realistic and simplified geometry consisting of the 

neighboring single wire radial domains with the same thermal mass as the equivalent 

single wire cartesian domains. The geometric behavior of the overlap regions can be 

captured as shown in Figure 33.  

First, the maximum cylindrical radius is computed. Since the thermal mass is directly 

proportional to the PCM domain area for the same domain length - ὡ Ⱦς, the 2D 

PCM domain areas are computed for both the cartesian (ὃ ) and radial (ὃ ) 

domains (see Figure 33) and are equated with each other to yield the condition for the 

maximum equivalent cylindrical radius (ὶ ): 

ὛὛ

ς

“ὶ

ς
 “

ὶ

ς

ὶ

ς
 

 

where ὶ ὈȾς and ὃ  is the L.H.S. term while ὃ  is the R.H.S. term. 
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Solving for ὶ  gives: 

ὶ
ὛὛ

“
 

(31) 

Thus, the maximum allowable PCM radius for the 1D ROM is obtained from Equation 

(31).  

 

(a) 

 
(b) 

Figure 33:Comparing thermal masses for (a) cartesian and (b) radial PCM domains for neighboring 

wires with overlap regions ὃ and ὃ marked in red dashed circles. 

Now, as discussed, the PCM overlap regions ὃ and ὃ (see Figure 33 (b)) formed due 

to the geometrical spacing of the adjacent cylinders are studied. The overlap regions of 

the ROM domain could be problematic as they can impact the conduction inside the 

region and the time taken to melt the PCM completely. As the neighboring radial PCM 

domains equally share the overlap region, the direction of conduction in this region 

gets affected by both the neighboring PCM domains. This effect leads to PCM 
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conduction in both x- and y- directions instead of the 1D radial direction. Also, the time 

taken to melt the PCM in the radial domain completely would be relatively less than 

the time taken to melt the PCM in the cartesian domain completely. This is because 

when the PCM in the overlap region is compared to its corresponding region in the 

cartesian domain, the overlap region of the radial domain seems much closer to the 

wire than that of the cartesian domain. This provides a shorter conduction path for the 

radial domain as compared to the cartesian domain and thus less melting time. 

Mathematically, the overlap regions exist in five different cases controlled by the 

geometrical spacings between the neighboring PCM cylinders: (i) in the direction of 

Ὓ (x- direction); (ii) in the direction of Ὓ (see Figure 33 (a) on xy plane); and (iii) in 

the direction of Ὓ (y- direction). These different cases of overlap regions are governed 

by specified ranges of ὛȾὛ ratios which are derived mathematically (see Appendix 

B.1. for complete derivation and analysis) and summarized as shown in Figure 34. 

Here, the controlled directions for the different overlap-cases are also marked. It is to 

be noted that the neighboring PCM cylinders only cause these overlaps; without 

overlapping with the wires and thus are investigated only for that particular range of 

ὛȾὛ. 

 

Figure 34: Different overlap cases governed by specific ὛȾὛ values and controlled directions 
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The geometric behavior of the overlap regions is quantified by the ratio (ὃ ) of the 

PCM overlap region (ὃ ςὃ ὃ) to the total PCM region (ὃ ). A 

detailed mathematical analysis is carried out in Appendix B.2. 

Thus, the geometric parameter, ὃ , can be determined by just knowing the ὛȾὛ 

and ὶ Ⱦὶ values, as obtained from Equation (76) in Appendix B.1. and as shown 

below.  

ὃ

ὶ
ὶ ‌ ÓÉÎ‌ ς‍ ÓÉÎ‍

“
ὶ
ὶ ρ

Ὢ
ὶ

ὶ
ȟ
Ὓ

Ὓ
 

 

 

4.3.1.4. Governing Equations 

As the TES design is set up, the governing equations of an analytical model of the TES 

are discussed. First, the modeling starts with the segment level based single PCM-wire 

radial model to compute the phase-front location (ὶ) for a given time-step by utilizing 

the thermal resistance approach based on energy conservation. In this way, the latent 

thermal energy stored in ith single-wire model (ɝὩ) is determined. Second, the latent 

thermal energy stored in the single PCM-wire model is extended to the single row 

domain (see Figure 31). Since the inlet temperatures are different for ὔ wire-rows (see 

Figure 31), each of the wire-rows would have a different magnitude of the latent 

thermal energy stored. Thus, all the wire-rows are individually iterated using the 

thermal-resistance analogy, and the total latent energy stored (ɝὩ ) in the single row 

domain (see Figure 31) is additively obtained. Third, the single-row model is extended 
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to the entire TES model. As the single-row domain is identical for different PCM 

channels of the entire TES, the total latent thermal energy, ɝὉ, stored in the entire TES 

is again additively obtained. Lastly, the total latent thermal energy stored, Ὁ ȟ in the 

entire TES domain is integrated for different time-steps by predicting the next phase-

front location (ὶ) for the next time-step (Ὥ ρ). The model is simulated until the entire 

PCM has been completely transitioned or when latent thermal energy is required for a 

specified period. Since each wire-row has a different magnitude of latent thermal 

energy stored, the phase-front advancement will be different for each wire-row at 

different times. The wires closer to the inlet plane of the TES would quickly melt 

completely than the ones placed farther away. The entire model has been programmed 

in MATLAB. 

 

4.3.1.4.1. Latent Thermal Energy Storage in Single Wire-PCM Domain, ▄░ 

The literature's traditional models for phase-change processes typically involve non-

linear transient heat equations [54], which are often expressed in terms of Stefanôs 

number [79]. In general, ὛὸὩ is assumed to be very small (less than 0.1), which means 

that the sensible energy is negligible as compared to the latent energy and, thus, a quasi-

steady-state approximation is considered valid [54]. As the entire PCM is initially at its 

melting temperature (Ὕ ), there is zero conduction present through the solid PCM at 

all the times. Thus, the steady-state thermal modeling of ith single wire radial domain 

(see Figure 31 (b)) includes only the conduction through the transitioned or liquid PCM 

which can be computed analytically.  
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The total resistance for the ith single wire radial domain, Ὑ , at a time, t, is computed 

using the thermal resistance analogy (see Figure 31 (b)), as shown below. 

Ὑ  Ὑ Ὑ Ὑ   (32) 

where the index Ὥ takes the value of 1 to ὔ wires 

As Ὑ  can be obtained from the three resistances, which are connected in series 

across a known inlet temperature, Ὕ, and Ὕ , these resistances are individually 

calculated for an Ὥ single wire, as discussed in the following sections. 

1. Calculation of Fluid Convective Resistance, ἠἮἴἽἱἬ  

The fluid thermal resistance, Ὑ ȟ is calculated using Equation (33).  

Ὑ
ρ

– Ὤ ὃ
 

(33) 

where ὃ “Ὀ   

Here, Ὤ  is computed using CFD by considering flow parameters including Re 

number, flow properties including Pr number, and geometrical tube-bank parameters 

including  and . Similarly, –  is calculated using Ὤ , wire properties such as 

Ὧ  and geometrical parameters, including ὡ  and Ὀ. The authors previously 

studied this methodology mentioned in detail in the reference [24]. Since the flow is 

assumed as fully-developed, Ὤ  is constant for all ith wires. This subsequently leads 

to constant –  and Ὑ  for all the ith wires (ρ Ὥ ὔ) and thus a steady-state 

condition is assumed. 

2. Calculation of Wire Conductive Resistance, ╡╬▫▪▀   
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The conductive wire resistance of the portion of wire embedded in polymer wall of 

thickness, ὸ , (see Figure 31 (b)) is calculated analytically ([60]) using Equation 

(34), by assuming 1D axial conduction. 

Ὑ
ὸ

Ὧ ὃ
 

(34) 

where the cross-sectional wire area,  ὃ “ὈȾτ 

Since it is computed analytically and independent of any ith wire row, it is considered 

a constant and steady-state condition. 

3. Calculation of the PCM Conductive Resistance, ╡╟╒╜ 

Since quasi-steady-state approximation is valid, Ὤ  is computed analytically by 

assuming steady-state heat transfer through a cylindrical pipe [60]. It uses geometric 

parameters, including ὶ and ὶ and PCM properties including Ὧ , as shown in 

Equations (35) and (36). 

Ὑ
ÌÏÇ

ὶ
ὶ   

ς“Ὧ
 

(35) 

Ὤ
ρ

Ὑ ὃ

Ὧ

ÒÌÏÇ
ὶ
ὶ  

 
(36) 

where the index Ὥ takes the value of 1 to ὔ tubes  

Here, the fin-efficiency, –  for the single-wire-domain is computed using a similar 

methodology used for the fluid-side.  The –  for the wire-length of (ὒ ) 

on the PCM-side is obtained using the following Equations (37)-(38): 

άὴ
τὬ

Ὧ Ὀ
 

(37) 
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–
ÔÁÎÈάὴ ὒ

άὴ ὒ
 

(38) 

where the index Ὥ takes the value of 1 to ὔ tubes  

Thus, the instantaneous PCM conductive resistance, Ὑ , for any ith wire with a 

known melt-front location ὶ at time ὸ is computed analytically using Equation (39). 

Ὑ
ρ

– Ὤ ὃ
 

(39) 

where the index Ὥ takes the value of 1 to ὔ wires and ὃ “Ὀ  

This approach saves computational time as compared to the otherwise transient and 

multi-dimensional CFD modeling of the PCM domain as Ὑ  is computed 

analytically. It is to be noted that the computed instantaneous thermal resistance is a 

transient term as ὶ will vary for ith wire, unlike the other resistances. 

Using Equations (33)-(39), Ὑ  is obtained (see Equation (32)), and is now used to 

compute the nominal heat transfer rate (ή  which can give latent energy (ɝὩ) for the 

ith single wire at time, t. The nominal heat transfer rate is computed using Equation 

(40). 

ή
Ὕ Ὕ

Ὑ
 

(40) 

where the index Ὥ takes the value of 1 to ὔ tubes  

However, in practice, we need to limit ή so that it isnôt larger than the maximum 

available heat transfer rate required to melt the available non-transitioned PCM 

(ɝÍ ) completely (see Figure 31 (b)). Thus, the maximum available heat transfer 

rate (ή ) obtained from the maximum available latent heat-related to ɝÍ  in ɝὸ 

time is evaluated as shown below. 
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ή
ɝά Ὄ

ɝὸ
 

(41) 

where the index Ὥ takes the value of 1 to ὔ wires  

Here, ɝά  is computed based on the present melt-front location ὶ and the 

maximum melt-front location (ὶ ), as shown below: 

ɝά “ὶ ὶ ”
ὡ

ς
 

(42) 

where the index Ὥ takes the value of 1 to ὔ wires  

Thus, the heat transfer rate of the ith wire can be calculated as shown in Equation (43). 

ή ÍÉÎ ήȟή  (43) 

where the index Ὥ takes the value of 1 to ὔ wires  

Eventually, the latent energy stored by the ith single wire during this time-step is given 

in Equation (44). 

ɝὩ Ñɝὸ (44) 

 

4.3.1.4.2. Latent Thermal Energy Storage in Single Row-PCM Domain, ▄◄▫◄╪■ 

The latent energy stored in the ith single wire is now integrated to compute the latent 

energy stored in an entire single row (see Figure 31 (b)), consisting of a total ὔ 

different wires. The modeling of each Ὥ wire can be determined using Section 

4.3.1.4.1. However, the inlet temperatures for all the ὔ wires needs to be known (see 

Equation (40)). This can be obtained by using energy balance between the nominal heat 

transfer rate for the PCM (ή) and the sensible heat lost by the fluid across the ith wire, 

as shown below:  
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Ὕ
ή

άὅ
Ὕ (45) 

where the index Ὥ takes the value of 1 to ὔ wires  

As Ὕ for all ὔ tubes are now known, the latent energy stored (ɝὩ  for all the ὔ 

wires are obtained using Section 4.3.1.4.1. Thus, the total latent energy stored for the 

entire single row is obtained by adding the latent energy stored (ɝὩ for all the ὔ 

wires. 

ɝὩ ɝὩ 

(46) 

 

4.3.1.4.3. Latent Thermal Energy Storage in Entire TES Domain, ╔◄ 

Similarly, the latent thermal energy stored for the entire TES (ɝὉ) for the given time, 

t, is computed by simply integrating the latent thermal energy stored in the single rows 

for the remaining ὔ rows of wires across ὲ  channels of the HX.  

ɝὉὸ ɝὩ ς ὲ ὔ  (47) 

 

4.3.1.4.4. Time Integrated Latent Thermal Energy Storage in Entire TES, ╔◄▫◄╪■ 

As the latent thermal energy stored in the TES is computed for a known ὶ for a given 

ith wire at a time (ὸ), the next step is to compute the latent thermal energy stored in the 

TES for the subsequent time steps. However, as the melt-front progresses with time, an 

updated melt-front location, ὶὸ ɝὸ, for a given ith wire needs to be determined. 

Thus, the ROM uses the ñforward Eulerò method in time to compute ὶὸ ɝὸ for a 

given ith wire for the next discretized time-step, ɝὸ. As the latent thermal energy storage 

for the single wire (ɝὩ) leads to the melting of ɝά PCM (see Figure 35), the energy-
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conservation at the melting interface, is used to compute the updated melt-front location 

(ὶὸ ɝὸ) for the next time-step, as shown in Equation (48). 

ὶὸ Ўὸ ὶ ὸ
ɝὩ

” “Ὄ
ὡ
ς

 

(48) 

where the index Ὥ takes the value of 1 to ὔ wires  

Figure 35: Compute melt-front location at next time-step 

 

As ὶὸ ɝὸ is known for each time-step; the time-integrated latent-thermal energy 

for the entire TES under a specified nominal time of ὸ, can be obtainedȟ as shown in 

Equation (49). 

% ɝὉὸ 

(49) 

 

4.3.2. Observed Trends 

Graphically, some typical trends obtained from the ROM for some given operating and 

boundary conditions are shown in Figure 36. From Figure 36 (a), it can be seen that the 

heat transfer rate follows two trends. For ὸ τȢςί, the heat transfer rate decreases 

continuously with time as the PCM resistance increases with time (see Equation (40)). 
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Physically, the PCM resistance increases with time as more PCM is melted with time, 

causing the heat to travel a larger distance from the wire to reach the melt-front location. 

Thus, a longer conduction path is formed, leading to higher PCM resistance and thus 

decreasing heat transfer rate with time. 

 

 
(a) 

 
(b) 

Figure 36: Typical trends obtained from 1D ROM for (i) heat transfer rate vs time and (b) contour plot 

at a particular time on XY plane 

 




























































































































































































































